Irrigated rice production can involve environmental contamination with pesticides due to the proximity of the fields to rivers and to management problems. During three years (2000 to 2003) the rice herbicides clomazone, propanil and quinclorac were quantified in water during the rice growing season, in the Vacacaí and Vacacaí-Mirim Rivers, located in Rio Grande do Sul (RS) State, Brazil. Water samples were taken at several locations in each river, selected by their importance in terms of rice drainage area. The samples were analyzed by HPLC-UV. At least one herbicide was detected in 41% of the samples from the Vacacaí River and 33% from the Vacacaí-Mirim River. The most frequent herbicide in both rivers and in each year was clomazone. The amount of herbicides in the river water was dependent on the rainfall regime. River water contamination by rice herbicides is probably caused by the rice water management used in the fields. The maintenance of flooded areas makes herbicides prone to contaminate the environment. To reduce the environmental contamination risk it is necessary to adopt measures to avoid overflow of flooded rice fields, keeping paddy water in the field for time enough to reduce the herbicide concentration before its release and enhancing the quality of the levees to reduce the probability of paddy rice overflow.
INTRODUCTION
Agrochemical use in agriculture leads to increasing crop yield and profits. However, their excessive use or misuse can cause environmental contamination of surface and ground water that can occur by drift, runoff, drainage and leaching (Cerejeira et al., 2003) . Several surface water monitoring programmes have been carried out to quantify the degree of contamination by pesticides (Kammerbauer & Moncada, 1998; Huber et al., 2000; Kolpin et al., 2000; Bouman et al., 2002; Cerejeira et al., 2003; Martínez et al., 2003) .
Rice crop conducted under flooded conditions is pointed out as being an activity of high pollution potential (FEPAM, 2004) . The factors that contribute to this claim are the large amount of water used to maintain the flood (Machado et al., 2006) , the usual proximity of the fields to surface water bodies, the predominant shallow aquifer in these areas, and the intentional and unintentional release of water from the field.
The rice production in Brazil demands intense agrochemical use, mainly herbicides, insecticides and fertilizers (Noldin et al., 2001) . Among the rice herbicides registered in Brazil, three mostly used are clomazone, propanil and quinclorac. Clomazone is moderately mobile in sandy soils and its half-life in soils is approximately 24 hours (Vencill, 2002) . Studies show that the clomazone concentration in soil solution is dependent on the amount of carbon and water in the soil (Lee et al., 2004) and its persistence in rice field is 28 days in the Rio Grande do Sul State (RS) conditions (Machado et al., 2003) . Propanil is weakly adsorbed by the soil, is moderately mobile in sandy soils and of low mobility in clayey soils, with half-life of 1 to 3 days (Vencill, 2002) . Studies on the persistence of propanil in irrigated rice conditions showed that its dissipation occurs within 24 hours and that the amount of dissipated propanil corresponds to the concentration of 3,4-dichloroaniline (DCA), indicating biological degradation of propanil to DCA (Deul et al., 1977) . Quinclorac has variable mobility depending on soil type and organic matter and it can persist in the soil for one year affecting susceptible crops in rotation programs (Vencill, 2002) . Conversely, studies under the conditions of the RS state demonstrated that quinclorac persists in detectable concentrations for 21 days in rice paddy water (Machado et al., 2003) .
Therefore, the characteristics of rice fields, the climate conditions and the use of pesticides contribute to the enhanced risk of surface water contamination, justifying the need to quantify their degree of occurrence, to implement measures to prevent it. Thus, a three-year monitoring in the Vacacaí and Vacacaí-Mirim river basins was carried out aiming to quantify the presence of clomazone, propanil and quinclorac during the rice growing season and correlate them with the rainfall regime.
MATERIAL AND METHODS

Chemicals
Stock solutions of clomazone (99.6%), propanil (99.3%) and quinclorac (99%) were prepared individually in methanol and stored at -18 °C. Herbicide water solubilities (mg L -1 ) are 1100 (25 C); 130 (25 C) and 0.065 (20 C) for clomazone, propanil and quinclorac, respectively.
Study Area
The basins of the Vacacaí and Vacacaí-Mirim Rivers are located in the Depressão Central region of the Rio Grande do Sul (RS) State in southern Brazil (Figure 1 ). The eastern limit of the basins is the city of Cachoeira do Sul, 180 km far from the state capital Porto Alegre. The northern limits are the cities of Santa Maria and Restinga Seca; the western limit is São Gabriel and the southern, Caçapava do Sul (STE, 1998) . The two basins have a total drainage area of 11,136 km 2 and their cities have a total population of about 372,549 inhabitants (Rio Grande do Sul, 2002) . In the river basins, irrigated rice is cultivated on about 85,000 ha. During the study 50 to 60% of the rice areas were treated with a tank mix of clomazone and propanil in post emergence, at rates of 350 and 1800 g ha -1 , respectively. Quinclorac was normally used at the rate of 375 g ha -1 and mostly in the area of Rio Vacacaí-Mirim basin, on 10 to 15 % of the rice area.
The Vacacaí-Mirim river basin is located between the cities of Santa Maria and Restinga Seca, with total length of 40 km, and total drainage area of 1,136 km 2 (Rio Grande do Sul, 2002) . In this area, rice is produced, predominantly in small farms (<50 ha), and cultivated in predominantly flat areas, in shallow soils with low natural drainage capacity.
Sampling and sample treatment
The monitoring was conducted during three years in the rice growing seasons (November to February, 2000/01, 2001/02 and 2002/03). In the Vacacaí basin, the monitoring was less detailed with less number of sampling points, with the objective of identifying the most critical locations. Conversely, in the Vacacaí-Mirim basin, the monitoring was more comprehensive, with a greater number of sampling points and done more frequent, with the objective of investigating the seasonal variation of herbicide concentration.
The Vacacaí River -In the first rice growing season (2000/01) 15 points along the river were sampled (Figure 1 ). These locations were previously selected by STE (STE, 1998) . Water samples were taken at two different times: one in December 2000 and another in January 2001 (data not shown). These data were only exploratory. Based on the results, seven locations were selected according to their importance regarding rice water discharge; these points were sampled in the following two years ( Figure 1 ). The location named Restinga Seca, located in the Vacacaí-Mirim basin was sampled together with the Vacacaí River sampling locations. In the second rice growing season (2001/02), the sampling interval was 15 days, during the period between 12/02/00 and 01/27/01, which had greater intensity of herbicide application on the rice fields. An additional sampling was taken in the second half of February, to verify the persistence of the herbicides in the environment. In the third rice growing season (2002/03), the sampling period was a little late as compared with the previous years, 12/19/ 02 to 01/19/03, due to the delay of rice planting caused by excessive rainfall. Two additional sampling times were included, one in the first half of November 2002 and the other in the first half of February 2003.
The Vacacaí-Mirim River -In the first rice growing season (2000/01) water was collected from eight locations along the river (Figure 1 ). Water samples were taken every 4 days in the period between 11/26 and 12/29 and every 10 days from this date to 01/27. In the second rice growing season (2001/02) five locations were sampled (Três Barras, Arroio do Meio, RS-287, Arroio do Só and Restinga Seca), with a seven-day interval between 11/28/01 and 01/27/02. In the third rice growing season (2002/03) the same methodology as in the previous year was adopted, with samples between 12/19/02 and 02/03/03. Two additional samples were taken in the second half of February 2002 and 2003, also aiming to evaluate the herbicide persistence in the environment. In this river, the location called Três Barras was used as reference to the other locations, because apparently there was no rice farm upstream. However, some small vegetables, tobacco and corn farms were observed upstream.
At each sampling site a combined sample was obtained from sub-samples taken at three positions in the river profile: one in the center of the river and two close to the borders (1/4 of the river length from the margin) using a 2-liter PET bottle, with holes from the middle to the top of the bottle. The bottle was attached to a weight to collect water along the river profile in depth. The combined sample was dispensed in a clean glass bottle, closed and placed in a box with ice for transporting to the laboratory, for analysis. The glass bottles were washed with the cleaning solution Extran ® and previously to each sampling, rinsed with river water.
Extraction and analysis
An aliquot of 250 mL was taken from each sample, acidified and filtered in C18 (200 mg) cartridge previously conditioned for herbicide extraction. The herbicides were eluted with 2 × 0.5 mL methanol (HPLC grade) and captured for future concentration. The solvent was evaporated to dryness using liquid nitrogen and the residues were re-suspended in 0.5 mL methanol (Zanella et al., 2002) . The analysis was performed with a HPLC-UV using a C-18 column for separation and, methanol and water as mobile phase (Schlett, 1991; Font et al., 1993; Balinova, 1993) .
Quality control and assurance
The average limit of detection and quantitation for each herbicide was respectively: 0.1 and 0.3 µg L -1 for clomazone; 0.072 and 0.22 µg L -1 for propanil and 0.03 and 0.09 µg L -1 for quinclorac. The R 2 for the calibration curves for each herbicide was always above 0.999. The herbicide recovery after fortification in four concentrations was between 88.9 and 107.5%.
RESULTS AND DISCUSSION
Effect of years
On average, at all sampling locations the percentage of contaminated samples varied between the rivers and among rice growing years (Table 1) . From the total samples, 38, 20 and 40% of them were contaminated with at least one herbicide in the first, second and third rice growing season, respectively. The differences among the years are related to the rainfall regime of each year. In Santa Maria, during December and January, the normal rainfall is 278.6 mm, however in 2000/01 and 2002/03 the levels were 464 and 411 mm, respectively (data not shown). This excess of rainfall could have caused rice fields to overflow, allowing greater amount of herbicides to reach the river. In addition, in 2001/02, a year with rainfall levels lower than the normal 189.6 mm, only 20% of the samples were contaminated with herbicides.
In a rainy period, the time available for herbicide application is reduced, so the probability of environmental contamination increases because the herbicide concentration is greater and can easily be carried by water. The amount of pesticides reaching the sur-face and ground water is dependent of the herbicide characteristics, such as water solubility, partitioning and soil persistence, as well as land topography and rainfall regime (Martínez et al., 2003) .
Comparing the rivers
Comparing the rivers, the Vacacaí River was the most contaminated one. On the average of all years, 41% of the samples of this river were contaminated with herbicide, while in the Vacacaí-Mirim River, 33% of the samples were contaminated. In the Vacacaí River, average concentrations of 4.5 and 3.7 µg L -1 were observed for clomazone and propanil respectively. In 2002/2003, the maximum concentration was 8.9 µg L -1 and 11 µg L -1 for clomazone and propanil, respectively. The greater herbicide contamination in the Vacacaí River can be explained by the fact that this river has a larger drainage area and larger rice acreage than the Vacacaí-Mirim.
The guidelines for water quality in Brazil do not include the maximum allowed concentration for clomazone, propanil or quinclorac (CONAMA, 1986; Rio Grande do Sul., 1989) . Limits for these products are not established in the USEPA legislation (USEPA, 2002) or in the Canadian legislation (CCME, 2002), 
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Herbicides Total number of samples though these agencies legislations include a vast number of organic substances. Conversely, the European Union, based on the water quality threshold established by the EU Drinking Water Directive, sets the maximum admissible concentration (MAC) of 0.1 µg L -1 for an individual pesticide and of 0.5 µg L -1 for total pesticide concentration in any sample of drinking water, except for aldrin, dieldrin, heptachlor and heptachlor epoxide, which are each limited to 0.03 µg L -1 maximum level (Hamilton et al., 2003) .
Comparing herbicides
Clomazone was detected with more frequency in both rivers, followed by propanil and quinclorac, with frequencies of 21.6, 14 and 4.4% of the samples, respectively. The greater frequency of clomazone can be explained by the high utilization of this product in the region and by the relatively high herbicide persistence in water (Quayle, 2003) . These characteristics allow the maintenance of high concentrations of this herbicide in the rice field enhancing the possibility of environmental contamination. Results from an herbicide persistence experiment in rice fields conducted in the Rio Grande do Sul state showed that clomazone was the most persistent when compared with propanil and quinclorac; clomazone was detected for up to 28 days after the herbicide application (Machado et al., 2003) . Based on their results, these authors suggested the need for water to be kept in the field for 28 days after herbicide application to avoid environmental contamination. Clomazone is more persistent than propanil, because it has a half-life in the soil of approximately three weeks (Zanella et al., 2000) while propanil is fast metabolized to DCA in the rice fields, with a half-life of approximately one day (Perera et al., 1999) .
Quinclorac was not detected in the Vacacaí River, probably because it is used over a smaller acreage as compared to propanil and clomazone; these two herbicides are used alone or in mixture to control grasses in rice. Contrary to our results, in a study carried out in the state of Santa Catarina, Deschamps et al. (2003) found that quinclorac was the most frequent herbicide, in part due to the highest use of quinclorac in that area.
Sampling locations
At the location called Três Barras, used as reference, quinclorac was detected in only 0.9% of the samples collected early in the growing season of 2000/ 01, and in the other locations quinclorac was detected in 3.8 to 7.7% of the samples (Table 2 ). In the following year pesticides were not detected in Três Barras, however in the other locations herbicides were detected in 2.2 to 6.7% of the samples. In 2002/03, at Três Barras, propanil and clomazone were detected in 2.2 and 6.7% of the samples, 1 and 3 samples, respectively, which probably came from a 2 ha rice field in which the mixture was applied in the last half of December. At Vacacaí location a steady pesticide detection was observed along the river, with similar percentage of contaminated samples among the sampling locations. There was no trend of increase or decrease of herbicide occurrence along the river.
Seasonal variation
The seasonal variation of water contamination (Figure 2) shows that the concentration of pesticides varied with the growing season and rainfall. In 2000/ 01, approximately 75% of the contaminated samples occurred in December. However, in 2001/02 more than 65% of the contaminated samples were detected in the last half of January. This fact can be explained by the low rainfall intensity during December, which allowed the herbicides to stay in the rice field for a longer time.
In contrast, the occurrence of 101.3 mm in the last half of January, promoted large amounts of runoff and allowed more herbicides to reach the river. In late December 2002, a large amount of propanil was detected with concentration of up to 12 µg L -1 in three locations of the river, with maximum of 12.9 µg L -1 . A severe rainfall of 108.4 mm between December 20th and 24th can explain this event. In this period producers observed that due to the high intensity of rainfall there was overload of the levees destroying many of them, allowing a large amount of water to reach the river.
The seasonal variation found in this experiment is similar to other found in the literature. The surface water pollution by pesticides is dependent on the agricultural activity, with high concentrations during the crop season (Martínez et al., 2003) . The amount of pesticides transported to the surface water bodies depends on several factors, including not only soil characteristics, topography, time of application, agricultural practices and chemical properties of each pesticide (Leonard, 1990) , but also on the rate of application, its chemical characteristics and the environmental conditions during application (Huber et al., 2000) .
CONCLUSIONS
Clomazone, propanil and quinclorac were detected in both rivers during all rice growing seasons. Their concentrations were dependent on the rainfall regime.
The Vacacaí river was the most contaminated, because it has larger drainage and larger rice acreage area than the Vacacaí-Mirim; 41% and 33% of the samples were contaminated in the Vacacaí River and Vacacaí-Mirim River, respectively. Clomazone was the most frequent, followed by propanil and quinclorac. 
